and hagfish are the only two extant representatives of the Agnatha (jawless fishes) that diverged from the main evolutionary lineage leading to gnathostomes early in vertebrate evolution over 550 million years ago. Recent paleontological analysis of extinct agnathans suggests that lampreys are more closely related to gnathostomes than either is to the hagfishes (1).
The morphology of the lamprey pituitary gland resembles that of gnathostome fish, consisting of an adenohypophysis and a neurohypophysis. The adenohypophysis is divided into three regions, the rostra1 pars distalis (RPD), the proximal pars distalis (PPD) and the pars intermedia (PI) (2). The neurohypophysis has two regions, the anterior neurohypophysis (homologue of infundibulum) and the posterior neurohypophysis (homologue of the pars nervosa). This overt morphological similarity between pituitaries of lampreys and gnathostome fish suggests early establishment of the endocrine and neuroendocrine functions of the tissue in vertebrates (3). Therefore, characterization of the pituitary hormones from an extant representative species of the oldest lineage of vertebrates is particularly important for under-standing the molecular evolution and functional diversity of the pituitary hormones in this group of fishes.
In contrast to recent rapid advances in molecular characterization of teleost (modern bony fish) pituitary hormones, arginine vasotocin of neurohypophysial origin is the only pituitary hormone that has been identified chemically in the lamprey (4). Among the possible functions of the lamprey adenohypophysis, melanotropic and corticotropic activities appear to be incontrovertible (5-9). Distribution of melanotrophs in the PI (10,ll) and of corticotrophs in the RPD (11) seem to be consistent with the pattern in other vertebrates. However, whether the lamprey pituitary produces other hormones which are unique or equivalent to those in other vertebrates at this time is an enigma.
The present study derives from an attempt to identify a gonadotropin (GTH) homologue in the pituitary glands of adult sea lampreys. Our strategy for identifying lamprey GTH was to isolate and characterize a glycoprotein that is composed of two subunits, since these are the biochemical features of all GTHs studied to date. This approach has proved successful in identifying two distinct GTHs from teleost pituitaries (12, 13). Consequently, we isolated a dimeric glycoprotein that we later localized immunocytochemically in cells of the RPD of the lamprey adenohypophysis. Elucidation of its complete amino acid sequence, however, has revealed that the lamprey glycoprotein is not homologous to any known pituitary hormone. We have chosen to name this protein, nasohypophysial factor, NHF, because we have found it in the olfactory system of developing larval lampreys. Thus, in this report we address the question of the significance of the developmental topographic distribution of NHF. A related question concerns the persistence, apparently through several years of free-living larval life, of 349 Endo. 1995 b-01136 
Results

Characterization of NHF
After extraction of the pituitary tissues, the homodimeric glycoprotein was obtained in pure form by gel filtration and rpHPLC (Fig. 1) . Aliquots of each pooled fraction were analyzed by immunoblotting.
Unexpectedly, no fraction was found to be immunoreactive with antisera to GTH subunits, GH, PRL, or somatolactin. On SDSPAGE, a protein from fractions II and III migrated as a single band of 36 kilodaltons (kDa) under nonreduced conditions, of 23 kDa after reduc- tion, and of 19 kDa after deglycosylation and reduction (Fig. 2) . These results suggest that the protein consists of two similar glycosylated subunits. The total yield of the protein was 1.1 mg from 4.7 g total weight of frozen pituitaries.
Structural analysis
The intact molecule, proved to have a single amino acid sequence and allowed the assignment of 45 amino-terminal residues with the exception of cycles 3, 11, 15, 19, 21, 38 , and 43 where no amino acid was detected. It is therefore likely that the protein is a homodimer. To determine the complete amino acid sequence, several fragments were generated with several enzymes. Amino acid composition of the intact protein and fragments are listed in Table 1 .
Lysyl endopeptidase digestion of reduced and S-pyridylethylated glycoprotein yielded three fragments by rpHPLC (Fig. 3A) . LE-18 and -37 confirmed the sequence of 1-17 and 18-42, respectively, of the protein. and thus an additional 18 residues were determined up to the 64th. A peptide map of an endoproteinase Asp-N (AN) digest is shown in Fig. 3B , and five fragments 19, 37, 42, 49) were sequenced. AN-37 and AN-39 were found to correspond to residues 33-39 and 53-64, respectively. In order to arrange the linear sequence of three AN fragments (AN-14, -19, and -421, a chymotryptic peptide (Fig. 30 and three tryptic fragments (Fig. 3D) were subjected to sequence analysis. C-17 overlapped with five residues of 60-64 and an additional 14 residues were determined up to the 78th. AN-42 overlapped with eight residues 71-78 and extended an additional 26 residues up to the 104th. T-27 and -25 confirmed the sequence of 68-76 and 82-100, respectively. T-30 overlapped with four residues 101-104 and extended an additional 17 residues up to the 121st. This tryptic fragment provided the carboxyl-terminal sequence because it contained neither Arg or Lys. The carboxyl-terminal residue was determined by kinetic studies of CPase Y digestion of a carboxyl-terminal peptide fragment ( Table 2) .
The monomer consists of 121 amino-acid residues including five Trp (W) residues, six Cys residues, and one consensus N-glycosylation site at Asn-21 (Fig. 4 and Table 3 ). The relatively high content of Trp residues is a characteristic of the protein. Based on the sequence, the mol wt of the polypeptide was calculated to be 12.8 k, which is lower than that estimated by SDS-PAGE. The discrepancy can be accounted for by carbohydrate moieties on the molecule. A N-glycosylation site was confirmed at position 21 by sequence analysis of LE-37 after deglycosylation with glycopeptidase A.
An homology search using a protein analysis system (Hitachi HIBIO PROSIS) revealed that the lamprey glycoprotein, NHF, has no significant sequence homology to the pituitary glycoprotein hormones or to any other sequenced pituitary hormones. 
Immunocytochemistry
In the adult pituitaries, there was a strong immunoreaction localized to most cells of the RPD and a few scattered cells of the PPD (Fig. 5) . These reactive cells of the RPD corre- spond, at least in part, to the cells containing Met-enkephalin-like (10) and ACTH-like immunoreactivity (11). However, anti-NHF did not cross-react with Met-enkephalin, porcine ACTH, or newly identified lamprey ACTH'-16 (Takahashi, A., M. Nozaki, Y. Amemiya, S. A. Sower, A. Gorbman, and H. Kawauchi, unpublished), since preabsorptions of the antiserum with these peptides (1050 /.&lo0 ~1 antiserum at working dilution) had no effect on staining intensities. The adult pars intermedia, in contrast to strong NHF stainability of this region in I-yr-old ammocoetes, contains only rare NHF-immunoreactive cells. The neurohypophysis appears to be almost free of NHF immunoreactivity. In the adult there appears to be no persistent remnants (Fig. 6) . The region of the olfactory bulbs that makes contact with the olfactory organ also contains immunoreactive NHF. From these NHF-stained neurons, axonal fibers, also NHF-stained, extend towards the diencephalon. A few clustered cells of the adenohypophysis at this stage, located just posterior to the optic chiasma, are heavily immunolabeled for NHF (Fig. 6) .
In larvae 4.5-8.5 cm long (l-3 y old), the cells of the olfactory sac are more elongated than in the younger larvae and the NHF-immunoreactive cytoplasm of these cells is localized between the nucleus and the luminal surface (Fig.  7) . The lumen of the olfactory organ also contains some NHF-immunoreactivity.
From the ventral edge of the olfactory organ, a thick hollow duct extends below the brain and connects posteriorly with the RPD, below the neurohypophysis (Fig. 7) . This is clearly the remainder of the original nasohypophysial duct described by Sholdice and McMillan (22) and Gorbman and Tamarin (23) . Its narrow lumen is still visible in most places, and most of its constituent cells contain NHF-immunoreactive material (Fig. 7b) . At a level just posterior to the optic chiasma the nasohypophysial duct broadens and thickens as it forms the RPD (Fig. 7~) . Although a clear distinction cannot be made at this stage between the rostra1 and proximal pars distalis, it does appear that the future PPD contains fewer immunostained cells. The PI can be recognized as the most posterior part of the nasohypophysial complex. The PI lies below a thickened region of the floor of the third ventricle that will form the posterior part of the neurohypophysis. The PI in specimens of this age is heavily stained by the NHF antibody reaction (Fig. 7~) .
RIA NHF was detected in the plasma averaging 43 ng/l.O ml plasma. A parallel displacement curve was obtained with serial dilutions of lamprey plasma. 
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Discussion
A novel homodimeric glycoprotein was isolated and characterized from the pituitaries of adult sea lampreys, modern representatives of the earliest vertebrates. The monomer consists of 121 amino-acid residues in a sequence that has no resemblance to any other known pituitary hormone. Whereas this protein is localized in most cells of the rostra1 pars distalis of adult lampreys, we have chosen to name it NHF because it first appears in the olfactory system of developing larval lampreys. In addition, NHF was detected to be present in the blood of adult lampreys.
In the adult, no NHF immunoreactivity was present in the olfactory organ, olfactory bulb, hypothalamus, or neurohypophysis, whereas the majority of the cells in the RPD of the pituitary were heavily stained. Again, in the adult, very few cells of the PPD were immunoreactive to NHF and even as yet lacking for pathways from the olfactory organ to the hypothalamo-hypophysial system of lampreys. In the youngest larval lamprey examined by us (35 days post fertilization), NHF immunoreactivity already was present in the hypophysial as well as the olfactory structures. Available evidence indicates that NHF-containing cells are formed in the pars distalis and the olfactory epithelium at about the same time.
The strong presence of the peptide nasohypophysial factor, NHF, in the developing olfactory and adenohypophysial tissues, as well as in the pituitary and blood of adult lampreys, argues for an important function for this substance. The fact that its 121 amino acid sequence bears no resemblance to that of any known pituitary hormone raises additional important questions. One unanswered question concerns the presence of NHF within the olfactory and pituitary systems of vertebrates other than the lampreys. It is difficult to conceive at this point that a pituitary protein with this developmental history, and abundance, in the RPD, has no significant functional role.
In tests designed to identify NHF with a known gonadotropin function, there was no stimulation of steroidogenesis in vitro in lamprey testis or ovary (Sower, S.A., unpublished) . This is a classical gonadotropic role that has been previously demonstrated for lamprey pituitary (24). Moreover, GnRH from the hypothalami of the adult sea lamprey have been characterized (25, 26) and physiological (24, 27) and immunocytochemical (28) evidence implies that these hypothalamic hormones regulate the pituitary-gonadal axis. Although none of the cells in the lamprey pituitary appear to be ultrastructurally comparable to mammalian gonadotrophs, Knox et al. (29) have shown that radiolabeled GnRH is bound specifically to the PPD, where GTH-producing cells are localized in other vertebrates. Taken together, these studies suggest the existence of a GTH homologue in the lamprey pituitary. The protein described in this study, however, showed no immunoblot reactivity with antisera against other vertebrate GTHs, or against GH, PRL, and somatolactin. most likely that these pituitary hormones of lamprey, if they exist, are significantly different from other vertebrates. Indeed, we have found that even the N-terminal region of lamprey ACTH differs from that of gnathostome counterparts, and that two other MSHs could be assigned as neither /3-MSH or y-MSH (Takahashi, A., M. Nozaki, Y. Amemiya, S. A. Sower, A. Gorbman, and H. Kawauchi, unpublished) .
In this study NHF has served as a useful cellular marker that has revealed some interesting and unexpected developmental relationships between the lamprey pituitary and olfactory systems. NHF distribution in larval lampreys indicates that there are two possible cellular routes of migration between the olfactory system and the hypothalamohypophysial system. One is the neuronal pathway from the olfactory epithelium, through the telencephalon, to the hypothalamus; the other is the epithelial route via the nasohypophysial duct connection. The neuronal route, as a path of GnRH cells from the olfactory epithelium to the hypothalamus, has been studied in a number of vertebrate groups, including the mammals (29, (31) (32) (33) (34) (35) . Whereas it has not been demonstrated that GnRH follows a similar migration in lam- Endo. 1995 Vol 136 . No 1 preys, its olfactory origin has been described in embryos of birds, and mammals in addition to amphibians (30-341, which suggests that it is a common vertebrate phenomenon.
If NHF is not migratory, like GnRH, but is synthesized simultaneously in the olfactory organ, the nasohypophysial duct and the adenohypophysis, then it is probable that NHF synthesis is a common property of all cells descended from the original head epithelium that forms the olfactory epithelium and nasohypophysial duct in lamprey embryos (23). The evidence that we have presented here shows that in the adult lamprey, NHF is no longer present in the olfactory organ or brain.
Thus, whereas GnRH is not found in the adult lamprey pituitary, NHF is a prominent cellular constituent of the pituitary and, in particular, the RPD. It is possible that during development, NHF presence is a common, and possibly primitive, property of all nasal and nasohypophysial tissues in early vertebrate embryos.
